In this paper, the influence of impact damage to the induction motors on the zero-sequence voltage and its spectrum is presented. The signals detecting the damages result from a detailed analysis of the formula describing this voltage component which is induced in the stator windings due to core magnetic saturation and the discrete displacement of windings. Its course is affected by the operation of both the stator and the rotor. Other fault detection methods, are known and widely applied by analysing the spectrum of stator currents. The presented method may be a complement to other methods because of the ease of measurements of the zero voltage for star connected motors. Additionally, for converter fed motors the zero sequence voltage eliminates higher time harmonics displaced by 120 degrees. The results of the method application are presented through measurements and explained by the use of a mathematical model of the slip-ring induction motor.
Introduction
The non-invasive methods of detection electrical and mechanical damages of induction motors are based mainly on the stator current spectrum analysis. The signals indicating various damages have been separated from the current spectrum during a long process of investigation by many researchers. One can mention several methods developed through mathematical modeling means [4, 12, 13, 15, 16] and the methods based on laboratory tests of various induction machines [1, 10] leading to a physical interpretation of obtained results. All the research studies have created a data-base that can be used for training the artificial intelligence detection systems [7] .
The main subject of this paper is to reveal another damage information carrier signal. This is the zero sequence voltage, which is induced in the phase windings as a result of magnetic saturation [5, 10] . The waveform of this voltage depends on the state of the air-gap magnetic field, where this field depends on the stator and rotor cooperation and also on the machine damages [9, 10] . The slip-ring induction motor was taken apart and the influence of the rotor circuit asymmetry was analyzed for investigation purposes. Results of laboratory tests have been interpreted with the use of a developed formula for the zero sequence voltage at steady state.
The research studies must answer the question if this method is promising for diagnostic purposes. As an object under investigation a low-power slip-ring induction motor was chosen. This is a specific machine that is different from cage motors with respect to the influence of harmonic fields and resulting detection signals. However, the assumed modeling method is common for both machine types and it has been trained using the slip ring motor where the stator and the rotor currents are available. The cage motors will be studied next.
The scheme of the laboratory stand is shown in Figure 1 = . The rotor circuit asymmetry has been introduced by opening the switch S for the breaking resistance R Mb 500 times approximately greater than the rotor phase resistance.
To obtain the circuital model of the machine the phenomenon of magnetic saturation was modeled using a permeance function of the air-gap. The approach allows for approximating the air-gap magnetic flux density since the permeance function is strictly connected with the magneto motive force (MMF) exciting the field. The air gap non-uniformity (due to e.g. slotting) can be introduced as a signal modulating this permeance function. A similar approach was presented in [2] , however it was presented for an eccentrically positioned rotor. This is simplification, however enabling self-and mutual inductances of the machine circuit that can be calculated using the formulae presented in [11] for electrical machines with a non-uniform air-gap. Thus, the machine voltage equations take the commonly known form where R, L, M are the matrices of resistances, leakage inductances and self-and mutual inductances, respectively. Vectors of voltages and currents are denoted by U and I, respecti-vely. On the basis of this model the mathematical formulae can be developed and used for interpreting of measured signals.
Mathematical background for induction motor diagnostics
2.1. Main assumptions for the mathematical model $ Magnetic core is saturated only due to the first non-zero symmetrical components of stator and rotor currents. For the slip ring motors this is clear, however for the cage induction motors this is a simplification. $ The effect of saturation is simulated as enlarging the air-gap length at the location Μ α , where the total MMF of the machine reaches a maximum with respect to the stator phase U assumed to be the first one. The MMF is represented by the magnetising current i Μ to be defined below. This varying air-gap is expressed with the per unit permeance function approximated with harmonic series of the following form utilising the Euler's identity:
The base permeance: 
where the saturation factor can be approximated by the function In the above: Z s -number of stator slots, Z r -number of rotor slots,
According to [6, 8] , (4) gives
The examplary distribution of the permeance function (5) is shown in Figure 2 for Z s = 36, Z r = 24, p = 4 and the saturation factor k sat = 1.5. $ The new harmonic orders can be defined now by creating the harmonic sets: 
where , (10) where: N a , N b -turn numbers of the windings a and b, respectively,
-the winding factors for the respective harmonics ν and ν + m. For the machine with a "smooth" air-gap the formula for the mutual inductance of windings a and b resulting from (10), takes the well known form. The mutual inductance (10) exists when the following condition is satisfied for the assumed harmonic orders , (11) This equation assures the harmonic balance inside the mathematical model and must be satisfied for sets of harmonic orders. Therefore, the assumption for the set contents influences the accuracy of the mathematical model.
For symmetrically designed windings the MMF harmonics have the orders belonging to the sets:
for the winding a and
for the winding b.
The phase winding positions for the 3-phase slip-ring induction motor are given below: − for the stator (15) where:ϕ − rotor rotation angle.
Voltage equations of the motor in machine variables
The machine voltage equations are transformed from the natural system to symmetrical components. This transformation splits the harmonic components of inductances assigning them to voltage equations accompanying the respective symmetrical components. The voltage equations of the motor in machine variables can be shown in the matrix form: where the superscript T denotes matrix transposition.
Vectors of voltages and currents contain:
The matrices of resistances and leakage inductances are diagonal with generally different elements 3 2 1 , ,
for each phase winding, where the substitution Z = R or Z = L and x = s for the stator and x = r for the rotor must be performed. The matrices of self-and mutual inductances have the forms resulting directly from (8) for the position angles (13) and (14) .
Inductance matrices 
Description in symmetrical components
Transformation voltages, currents and fluxes into symmetrical components can be performed using the matrix S s for the stator and S r for the rotor, respectively. These matrices are given below. In the above equations:
. , , ,
The symmetrical components are vectors in the stationary reference frame α-β. The real and imaginary parts are denoted by α and β, respectively. Additionally:
The resistance matrices , Parameters of the magnetising current vector are described according to the formulae given below. 
..., ± 9p, ± 3p,... . ..,-13p, -7p, -p, 5p, 11p... ...,-11p, -5p, p, 7p, 13p ,...
..., ± 9p, ± 3p,...
..., -11p, -5p, p, 7p, 13p ...
..., -13p, -7p, -p, 5p, 11p, ...
For example we can assume the following sets of harmonic orders: , -11p, -9p, -7p, -5p, -3p, -p, p, 3p, 5p, 7p, 9p, 11p 
are shown. To formulate the self and mutual inductances of matrices in Equations (24) and (25) the harmonic inductances given by series (27-29) must be known. They are assigned to a specific place of these matrices determined by Table 2 . However, for the assumed sets of harmonics H μ , H m , H ν the harmonic inductances are synonymously determined by the mutually dependent numbers μ, ν, m, n. This requirement results from equation (6) under the condition (11). As such, for the given values m and μ resulting from H m and H μ , respectively, the possible parameters k and l must be determined by satisfying the equation m = kZ s + lZ r + μp. Hence, the equation n = lZ r is given for the inductances. From the above it is clear that the numbers k need not be known explicitly. They are hidden in the parameters m.
For the analysed example the determined sets of numbers m', k, l, μ are presented in Table 3 for the three-phase motor with Z s = 36, Z r = 24, p = 4. 
It can be observed that the sets of positive and negative numbers are identical for the absolute value. This is the result of applying the Euler's identity.
Both the voltage equation sets for the stator (24) and for the rotor (25) can be transformed into one reference frame x-y rotating at the angular speed t d Removing i ry from the set of differential equations the position angle α becomes the state variable together with i sx , i sy , i rx and the rotor speed ω. So, we can obtain the final form of differential equations describing the machine. The differential equations describe now the DC circuit representing the machine.
According to (24) and using (38) the stator voltage equations for the stator and the rotor star connections can be written now in the form presented below. Taking into account that the positive and negative harmonic orders are the same for the absolute value the last two terms of the formula (39) can be written in the form: The above description is valid when for each element of the matrices the relevant harmonics, belonging to the determined sets, are considered.
The zero sequence voltage
The formula describing the zero sequence voltage results directly from expressions (39), (40): The rotor asymmetry is synonymously indicated by the bar f s5 in Figure 5b . Additionally, for currents i U and i K the characteristic bars have been shown for frequencies in square boxes. The distortion of supply voltages with higher harmonics does not influence the neutral voltage waveform u n .
In the figures only the greatest bars were analyzed. They can be easily measured and observed in the linear scale. 
Conclusions
Magnetic saturation of induction motor generates new signals of the neutral voltage indicating the presence of asymmetry of the rotor circuit. This is beneficial only for the star connected stator winding. For the delta connection the zero sequence stator current could be taken into account. Other damages like eccentrically rotating rotors can be detected using this method as well. Distortions of supplying voltages influence the neutral voltage u n in a low degree. The currents and phase voltages are influenced more. So, this method could be applied for fault detection of induction motors supplied by power electronic units.
Particularly, this can be valid when the motor is supplied with a current source inverter or the current controlled voltage source inverter. In such a case the stator current is forced by the control system and the spectral response is quite different than using the voltage forced operation. So, the signals indicating motor faults should be searched for in voltage signals and, among them, the zero sequence voltage.
